Introduction {#S0001}
============

Insulin and connection peptide (C-peptide) are secreted in equimolar amounts by the β-cells of the pancreas.[@CIT0001] In the circulatory system, insulin has a short half-life, as it is degraded by the hepatic enzymes and is excreted by the kidneys. Meanwhile, C-peptide has a longer half-life, and studies have suggested the measurement of C-peptide levels to reflect the amount of endogenous insulin secretion.[@CIT0002],[@CIT0003]

Despite the fact that C-peptide level is used to differentiate the types of diabetes and to guide the appropriate management, a high C-peptide level, which may indicate insulin resistance (IR), has been linked to various diseases. Indeed, a vast number of studies have suggested an association between a high plasma C-peptide level and metabolic syndrome, increased intra-abdominal fat distribution, heart disease, non-alcoholic steatohepatitis, colorectal, breast and prostate cancer as well as an increased mortality in the latter two diseases.[@CIT0004]--[@CIT0009] However, some of these associations are inconsistent within the various studies, which could be partly due to physiologically unsteady C-peptide secretion or to the lack of a standardized method of C-peptide measurement.[@CIT0010],[@CIT0011]

Previous studies have used blood and urine samples to detect plasma/serum and urine C-peptide during fasting and/or postprandial states.[@CIT0012],[@CIT0013] While glucagon-stimulated C-peptide is regarded as a standard test, it induces nausea and vomiting and requires multiple blood samplings that must be put in ice immediately.[@CIT0012] Urinary C-peptide levels -- obtained either through 24-hr urine collection or a recently suggested morning spot sampling -- have also been measured. However, urinary C-peptide levels can be hugely affected by renal functioning, meaning creatinine clearance should be simultaneously assessed.[@CIT0013]

Recently, several hormones -- largely steroids -- were extracted and detected from hair samples, which represents the long-term measurement of these hormones.[@CIT0014]--[@CIT0021] The levels of these substances in hair are essential, especially when they are secreted in a pulsatile pattern throughout the day. Furthermore, the detection of these substances in hair has been supported by several animal and human studies.[@CIT0015],[@CIT0016],[@CIT0022]--[@CIT0025] To the best of our knowledge, hair C-peptide levels have not been measured.

Because hair growth was found to be of an approximate rate of 1cm per month,[@CIT0026] through one-time sampling from the hair, the researcher can obtain the retrospective values of these hormones throughout the preceding months. Here, every 1cm of hair (10mm) can represent the hormone levels of 1 specific month (ie the most proximal 3cm of the hair sample represents the hormone level of the preceding 3 months, and so on).[@CIT0017] Hair sample collection is an easy technique and the sample can be easily transferred and stored since it only has to be stored at room temperature in a dark, dry place.[@CIT0014],[@CIT0024],[@CIT0027]

The main aim of the study was to determine whether C-peptide can be detected from hair samples, as it can with other substances. Detectable hair C-peptide levels may represent a long-term endogenous insulin secretion as the hair cells are exposed to the circulating C-peptide for weeks or months. Meanwhile, unlike plasma or urine samples, the hair C-peptide level may not be affected by acute changes in blood glucose levels, while it will likely reflect both basal and prandial insulin secretion. A further aim was to ascertain whether there is any correlation between hair C-peptide with serum C-peptide, fasting plasma glucose (FPG), glycated hemoglobin (HbA1c) and certain socio-demographic parameters.

Materials and Methods {#S0002}
=====================

Before recruiting the larger number of studied subjects, the method was checked in six samples which gave reproducible values. The method of cortisol extraction from hair cited by Sauve et al was used[@CIT0025] with the exception of the amount of methanol that added; 1 mL[@CIT0025] vs 1.6 mL in this study. After the detection of C-peptide in the hair samples of the subjects, the study was initiated using the same hair sample measurement technique. The six original subjects were not included in this study.

The Participants {#S0002-S2001}
----------------

In a prospective observational study, 120 healthy people were recruited. This included healthy adults between the ages of 18 and 70, who were family members, friends, hospital and university staff and students. Any subjects who had diabetes, a history of systemic diseases or a recent drug history were excluded from the study, while seven of the 120 were excluded due to insufficient hair samples or the presence of other exclusion criteria. Most of the study participants were female, since the popular hair styles among the young males and the hair loss of the older males meant insufficient hair samples could be obtained.

The research was conducted from February 2019 to August 2019 and the samples were collected at the University of Sulaimani, Shahid Dr. Hemn Hospital and Oxford School, in Sulaymaniyah city, Iraq. All of the participants signed the written consent form and the study was conducted in accordance with the Declaration of Helsinki and was approved by the ethical council of the College of Medicine at the University of Sulaimani.

The subjects were asked to fast overnight and the blood samples were drawn at 9:00 am for the assessment of FBG, FCP and HbA1c, while hair samples were also taken. Data for the questionnaire were obtained from each participant, which included questions related to demographic status and systemic disease or drug use history. All the participants were assessed in terms of height, weight and waist circumference.

The participants were placed in three groups according to age: 18--24, 25--40 and over 40 years. According to their BMI, they were divided into two groups: normal weight (BMI between 18 and 24.9 kg/m^2^); and overweight or obese (BMI ≥ 25 kg/m^2^).

Method of hair sampling, collection, preparation and measurement: The hair samples were taken from the posterior scalp in the vortex area. The strips of hair were banded with elastic bands and were cut from the most proximal area of the scalp. The hair samples were then packed in aluminum foil before they were placed in paper envelopes and coded. The envelopes containing the samples were stored in a dark, dry place until the analysis stage began.

For each hair sample, the first proximal 2cm segments were used for analysis. The samples were cut into small pieces (2--3mm) with surgical scissors before they were weighed and placed in a glass tube. The hair samples with a weight of less than 10mg were discarded. Next, 1.6mL of pure methanol was added to each sample, the mixtures were incubated at 52°C for 16 hrs inside a shaking incubator. The samples were then centrifuged with the speed of 10,000 rpm for 5 mins and 1mL of the methanol was extracted from the samples and placed in another glass tube.

The methanol was then allowed to evaporate until the samples were completely dried out and then a phosphate-buffered saline with pH of 8 was added to the precipitant. The mixture was shaken well on a mixer for two 30-second periods to allow all the precipitate to dissolve.

Biochemical Investigation {#S0002-S2002}
-------------------------

The hair and serum samples were analyzed using the C-peptide kit from Roche Diagnostics GmbH in Germany and through electrochemiluminescence immunoassay (ECLISA) technology, the COBAS E411 analyzer (Hitachi High-Technologies Corporation). The detection limit of the C-peptide kit was: 0.003--13.3 nmol/L (0.010--40.0 ng/mL) and PreciControl Multimarker used as a control. The C-peptide level results measured in ng/mL were converted to mcg/dl and were then calculated to measure the C-peptide level in terms of picogram per milligram of hair sample. HbA1c and FPG were analyzed by using Absorbance Photometry assay by COBAS C111 HITACHI.

Statistical Analysis {#S0002-S2003}
--------------------

The data were analyzed using SPSS version 22, while the normality test was performed using a Kolmogorov test. All the variables are parametric with the exception of Age, BMI, Hair C-peptide and hair weight. The mean and SD were assessed in terms of all the parametric variables, while the median and ranges were assessed for the non-parametric variable. The comparison between groups was conducted using Independent Sample *t*-test and ANOVA for parametric variables, while the non-parametric variables were compared using the Kruskal--Wallis *H*-test and the Mann--Whitney *U*-test, with a significant level at 0.05.The hair C-peptide log transformed to correct the skewness, and log hair C-peptide used for the correlation analysis among the parametric variables using Pearson's correlation; except for some non-parametric variables, Spearman correlation were used to correlate them with the hair C-peptide value, where a p value of ≤0.05 was regarded as significant.

Results {#S0003}
=======

Among the 120 subjects who participated in the study, 111 were included in the final analysis after the exclusion of the subjects who fell within the exclusion criteria (7 subjects) and the exclusion of two subjects with extreme hair C-peptide values (over 4 SD of the mean).

The demographic characteristics of the study participants are shown in [Table 1](#T0001){ref-type="table"}, including the age range, which was between 18 and 67 years of age. Their biochemical data are represented in [Table 2](#T0002){ref-type="table"}.Table 1The Demographic Characteristics of the Study ParticipantsParameter (Total Participants, n = 111)Frequencies: Number (%)\
Scale: Median (Range)\
Mean \[SD\]Age groups (years)^b^18--2457 (51.4)25--4036 (32.4)\>4018 (16.2)Age range (years)18--67SexFemale85 (76.6)Male26 (23.4)Weight (kg)^a^65.06 \[13.63\]Body mass index (kg/m^2^)^b^24.49 (24.4)Waist circumference^a^83.3 \[12.14\][^1] Table 2The Biochemical Data of the Study ParticipantsParameter (Total Participants, n = 111)Frequencies: Number (%)\
Scale: Median (Range)\
Mean \[SD\]Fasting plasma glucose (mg/dl)^a^91.62 \[7.189\]Serum C-peptide (ng/mL)^a^2.636 \[0.708\]HbA1c (%)^a^5.025 \[0.359\]Hair C-peptide level (pg/mg hair)^b^ range63.59 (368.23) 15.1--383.3Log hair C-peptide^a^1.846 \[0.280\]Hair weight (mg)^b^32.9 (18.2)[^2]

The median hair C-peptide level among the study sample is 63.59 pg/mg hair, with the range of 15.1--383.3 pg/mg hair.

Hair C-peptide was higher with a wider range in males compared with females, but the difference was not significant ([Figure 1](#F0001){ref-type="fig"}).Figure 1Hair C-peptide level among male and female. The median of hair C-peptide level was compared using Mann--Whitney *U*-test. ^o^ mild outlier, \* extreme outlier.

Significant differences among the hair C-peptide levels were found within the different age groups, as is illustrated in [Figure 2](#F0002){ref-type="fig"} (P= 0.026). FPG and HbA1c were higher in age group of \>40 years compared to age group of \<25 years (FPG: 96.92 vs 90.50, p= 0.021, HbA1c: 5.27 vs 4.84, p =0.001). Serum C-peptide levels were also found to be higher in the age group of \>40 years compared to the \<25 years age group, p value = 0.330.Figure 2Hair C-peptide level among different age groups. The median of hair C-peptide level was compared between groups using Mann--Whitney *U*-test.

The median hair C-peptide level was higher in the overweight and obese group than in the normal weight group (P = 0.192), as shown in [Figure 3](#F0003){ref-type="fig"}.Figure 3Hair C-peptide level among individuals with different BMIs. The median of hair C-peptide level was compared between groups using Mann--Whitney *U*-test. ^o^ mild outlier, \* extreme outlier.

The correlation between biochemical and demographic variables demonstrated in [Table 3](#T0003){ref-type="table"}, and [Figure 4](#F0004){ref-type="fig"} demonstrates a significant positive correlation between the mean of FPG and each of the Hair C-peptide, HBA1c and serum C-peptide (with the P value of 0.029, 0.001 and 0.032, respectively). Hair C-peptide was also negatively correlated with hair sample weight with P = 0.025, as is shown in [Figure 5](#F0005){ref-type="fig"}.Table 3Correlations Between the Biochemical and Demographic ParametersPearson's Correlation Between the ParametersAge (Years)Weight (kg)BMI (kg/m^2^)Waist (cm)FPG (mg/dl)0.297\*0.540\*\*0.490\*\*0.548\*\*P value0.0280.0000.0000.000Serum C-peptide (ng/mL)\
P value0.0690.1380.310\*0.298\*0.6160.3250.0240.042HbA1c (%)\
P value0.473\*\*0.446\*\*0.506\*\*0.570\*\*0.0000.0010.0000.000Hair C-peptide log\
P value−0.0700.1030.0200.0690.4650.2870.8380.504[^3] Figure 4Relation of log hair C-peptide (**A**), serum C-peptide (**B**) and HbA1c (**C**) with the fasting plasma glucose (FPG). Pearson's correlation was used to find the association between the means of the four variables.Figure 5A negative correlation between hair sample weight and the hair C-peptide levels. The correlation between the median of hair C-peptide and hair sample weight was used using Spearman correlation.

Discussion {#S0004}
==========

Previous studies extracted the lipophilic substances, such as steroids, from the hair, as these substances can pass through the cell membrane easily and diffuse through the hair cell.[@CIT0017] However, it is not known whether C-peptide can diffuse to hair and can be detected in hair samples. In fact, to date, there is no published data related to hair C-peptide measurement. It is thus interesting that the authors of this study have found that C-peptide can be detected in the scalp hair samples of human. The hair samples were prepared using the same technique that has been used for other hormone extractions from the hair.

In this study, which involved healthy adults, a median hair C-peptide level of 63.59 pg/mg hair, was found. Meanwhile, the mean fasting serum C-peptide level was 2.63 ng/mL. Hair C-peptide measurement can be supported by studies conducted to measure various hormones in hair samples.[@CIT0014],[@CIT0018],[@CIT0019],[@CIT0021]

In the present study, hair C-peptide, HbA1c and FPG levels were found to be significantly higher in people over 40 than their levels in younger individuals. However, adults under 25 have shown a higher hair C-peptide than the other age groups. The significantly higher hair C-peptide, HbA1c and FPG levels of the subjects, who were over 40, could be explained in terms of ageing-related insulin resistance, since it has been well established that insulin resistance increases with age as well as β-cell dysfunction, albeit to varying degrees.[@CIT0028],[@CIT0029] The study subjects were all non-diabetics, meaning they would likely have a natural ability to increase insulin secretion, in order to overcome the insulin resistance.[@CIT0028],[@CIT0030],[@CIT0031] Despite that both age groups (18--24y and 25--40y) showed similar FPG levels, the highest level of hair C-peptide was observed in individuals aged between 18 and 24, while the lowest level was detected in those aged between 25 and 40. The significantly higher hair C-peptide level in the individuals of ≤24 years can likely be explained through the reduction in insulin sensitivity noted in adolescence as among those aged 18--24, majority (75%) were ≤20 years.[@CIT0032] During puberty, and to some extent up to early adulthood, growth hormone and sex hormone levels substantially increase and subsequently antagonize insulin actions.[@CIT0032]--[@CIT0034] Normally, a relatively larger amount of endogenous insulin secretion will occur to overcome the reduced insulin sensitivity.[@CIT0032]

In this study, fasting serum C-peptide and HbA1c levels have shown a significant correlation with the participant's weight. Although hair C-peptide did not show positive correlation with subject's weight, it was found to be numerically higher in overweight/obese participants compared to normal weight subject. Consistently, the existing studies have shown that insulin release is higher in obese people than in non-obese people within the normal range of glycemia.[@CIT0035] Extra fat deposition, especially central obesity, has been linked to an insulin resistance that necessitates increased insulin secretion to maintain normoglycemia.[@CIT0004]

The current study also found that hair C-peptide, as for serum C-peptide and HbA1c, is positively associated with FPG level. Although the FPG levels of our studied samples were within the normal range, greater FPG levels were seen in those with higher hair C-peptide concentration. Consistently, previous studies have noted a positive association between FPG and plasma C-peptide levels.[@CIT0036],[@CIT0037]

In the present study, a significant negative correlation between hair sample weight and hair C-peptide level was noted. The hair sample weight of 10--60 mg has been used for hormone measurement throughout the existing studies,[@CIT0015]--[@CIT0017],[@CIT0023]--[@CIT0025] while the slight difference in sample weights within the same study was not believed to have a great effect as corrections were generally made using a specific calculation and were converted into pg/mg of hair sample.[@CIT0023] However, the higher C-peptide levels in the lower weight samples here may be explained through the fact that there was a greater chance of exposure to the extractor solution (methanol) than with the higher weight samples. Thus, the use of an almost fixed hair sample weight for hormone extraction should be considered in order that more accurate and reproducible results can be obtained.

The participant's glycaemic levels expressed as FPG and HbA1c were found to be correlated with the age, weight, BMI and waist circumference. Consistent with previous studies, FPG has a significantly positive correlation with each of the age and BMI.[@CIT0038],[@CIT0039] In addition, participant age has a significant positive correlation with each of the weights, BMIs and waist circumferences.[@CIT0040] We could not find any significant difference between hair C-peptide levels between male and female. Our result is consistent with a study in Finland, who revealed no significant difference in insulin secretion between male and female.[@CIT0041]

Our results need to be cautiously compared to those involving plasma, since while hair C-peptide may represent the retrospective insulin secretion covering weeks or months, including both fasting and prandial peaks, plasma C-peptide indicates insulin secretion during the minutes that immediately precede the blood sampling, which can be substantially affected by concurrent blood glucose concentration.[@CIT0031] In addition, the hair C-peptide was measured in terms of milligrams of hair, while plasma levels are measured in terms of plasma volume.

In this study, we reached the conclusion that hair C-peptide is easily detectable from the scalp hair of humans, a measure which may represent long-term, basal and prandial, endogenous insulin secretion. Interestingly, hair C-peptide, serum C-peptide and HbA1c levels have shown significant correlations with FPG; however, hair C-peptide did not show a significant correlation with serum C-peptide and HbA1c. In addition, hair C-peptide along with HbA1c and FPG levels were found to be significantly higher in subjects above 40 than young adults with the exception of individuals younger than 24 who had higher hair C-peptide level. Although the hair C-peptide was found to be easily detected and related to some important biochemical and demographic variables, further studies are needed to validate this finding and determine normal ranges of hair C-peptide and its associations with relevant health consequences.

In this study for the first time we found that hair C-peptide can be detected in the scalp hair of human, this measure if validated in the future could represent long-term rather than short-term endogenous insulin secretion and therefore may reveal clearer associations between hypo-, eu- and hyper-insulinemia and their relevant complications. Furthermore, the technique of hair sampling is simple compared to that of plasma or urine sampling, since it does not require a fasting state or special sample transference and storage. The detectable amount of C-peptide in more than 100 subjects and its association with FPG and age are all good indicators of the incorporation of the circulating C-peptide into the hair. However, additional studies are required to explore the mechanism of this C-peptide incorporation.

This study has few limitations: the study sample is small, and the hair sample is only taken one time from each individual and most of the participants are female. The hair growth variability between individuals is another limitation of hair analysis for hormone detection.

Further work is recommended to measure the hair C-peptide level in a larger sample that has greater gender and ethnic spread, such that normal limits can be defined. Future studies are suggested to observe the association of hair C-peptide with the standard methods of C-peptide measurement including glucagon-stimulated C-peptide test. It is also recommended for the future researches to involve people with pre-diabetes and diabetes and how hair C-peptide might be of help in the management plan of diabetes. Additionally, further validation of this technique is required by receiving more samples from the same individual and evaluating it in different diseases.
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